Abstract: We study topological nodes in electromagnetic wave interactions with structures. We show that, when the nodes exist, it is possible to bind certain nodes to a mirror plane in the structure. Such binding does not rely on any resonances in the structure, thus is effective over a wide wavelength range. As an implication of such broadband binding, we demonstrate that the topological nodes can be used for hiding of metallic objects over a broad wavelength range.
Introduction
A topological node in electromagnetic fields, also known as a phase singularity, can appear transverse to the axis of wave propagation [1, 2] . Several aspects of the topological nodes in the transverse scenario have been studied including their statistics in random wavefields, and their general topological structure [2] [3] [4] [5] . Since the electromagnetic field vanishes at the topological node, it is natural to think of using the nodes for "hiding" purposes: a small object placed on these nodes will have minimal interaction with the electromagnetic fields, and therefore is hidden from the field. For this purpose then, it is of interest to design structures in which the location of nodes are restricted under change of frequency, since one can then perform broadband electromagnetic hiding, i.e. to ensure that the hidden object is invisible even to broadband incident electromagnetic waves.
Broadband Binding of Topological Nodes
In this work, we show that it is possible to bind the location of the nodes to a symmetry plane over a broadband wavelength range. The structure under consideration is a dielectric photonic crystal slab under plane wave incidence, shown in Fig. 1a (without the metallic objects). We assume s-polarized plane wave (electric field in y-direction) incidence from −z side. The electric field intensity distribution at several wavelengths in the non-diffracting regime (i.e. the periodicity is smaller than the free space wavelength) are shown in the pseudo-color plots in Fig. 1c-f . The existence of a node is most evident in the phasor diagram, where the real and the imaginary parts of the electric field amplitude at different locations are represented by the x-and y-components of the phasor vectors, respectively. The phasor diagram is overlaid on top of the field intensity plots in Fig. 1c-f . Inside the regions marked by the red arrows in Fig. 1c , e, and f, the phasor diagrams show a vortex shape. Mathematically, such vortices are characterized by their Poincaré indices [1] , defined as the degree of mapping ν/|ν| : D → S 1 , where D is an arbitrarily shaped loop enclosing the node, and S 1 is the unit circle. The index of a node is an integer topological invariant. In Fig. 1c , e, and f we have marked the indices of the nodes accordingly.
In this fairly simple dielectric structure, the topological nodes nevertheless exhibit a remarkable feature: they persist over a wide range of wavelengths despite the drastically different overall field distribution at these wavelengths. In fact, some topological nodes are bind to the exact z = 0 plane, even though the field itself is not mirror symmetric with respect to z = 0. We also note that such broadband binding of topological nodes is not a resonant effect. The structure studied here supports a guided resonance at the wavelength of 1.75 L in the dielectric layer (Fig. 1d) . On resonance, the field distribution can be well approximated by a standing wave pattern. A standing wave is time reversal symmetric, thus it can not carry any topological nodes since a node flips its sign under time reversal. As a result, in Fig. 1d we only observe nodal lines due to the standing wave pattern, but no topological nodes. In general, we observe the topological nodes on the z = 0 plane for a wide range of wavelengths away from the guided resonance. 
Broadband Hiding of Metallic Objects
Due to the multiple nodes at z = 0 over a broad range of wavelengths, the electric field typically exhibits deep valleys at z = 0. Such valleys can be used to hide objects. As a demonstration, we place a rectangular metallic object centered at the z = 0 plane, as is shown in Fig. 1a . The transmission spectra of the structure is shown in Fig. 1b . We observe that the transmission spectra of the dielectric layer without (blue curve) or with (red curve) the metallic object are very close to each other in the broad wavelength range of 1.1-3.5 L, except in a narrow region near 1.75 L where the structure supports a guided resonance. As such, the metallic object is well hidden in the vicinity of the dielectric objects from the electromagnetic waves. The hiding effect occurs in spite of the fact that the metallic object by itself strongly scatters light, characterized by the low transmission (black curve) in Fig. 1b . As a visualization of the hiding effect, we compare the field distribution without and with the metallic objects at the wavelength of 2.5 L in Fig. 1f and g. It is clear that due to the topological nodes on the z = 0 plane, the added metallic object only represents a week perturbation to the electromagnetic field. As such, the metallic object is invisible in both the far field and the near field.
